Introduction
A spinal cord injury (SCI) leads to different degrees of impairment depending on the segmental level of lesion. The main needs of highly paralyzed individuals with restricted upper extremity function are manipulation and communication [1] . However, in this patient group only a few residual motor functions are preserved that can be used for control of assistive devices. For this purpose non invasive Brain-Computer Interfaces (BCI) exploiting the subject's electroencephalogram (EEG) are currently introduced outside lab conditions to offer an additional channel for control. One work package of the European Integrated Project TOBI (Tools for Brain-Computer Interaction) aims at the restoration of a weak or missing elbow and hand function in individuals with high spinal cord injury by means of a motor imagery (MI) BrainComputer Interface (BCI) controlled upper extremity neuroprosthesis. This manuscript is intended to give an overview of one of the end user studies conducted in the framework of TOBI, which specific goal is to evaluate the efficiency, effectiveness of and satisfaction with a MI-BCI-controlled upper extremity hybrid neuroprosthesis.
Methods
For this purpose a neuroprosthesis based on a combination of non invasive Functional Electrical Stimulation (FES) of innervated upper arm and forearm muscles and orthotic components mainly consisting of an electrically de-/lockable elbow joint has been developed [2] . Several submodules for individualization including an electrode fixation sleeve, a wrist orthosis for elbow-coupled ulnar deviation or rotation, a weight support system for the elbow and even a small electrical drive that flexes the elbow of the end user's arm reliably were provided (Fig. 1) . The latter is intended to be used in end users, in whom the M. biceps/triceps do not generate enough force with the use of FES. The brain-controlled neuroprosthesis was evaluated in four end users with SCI who gave informed consent for study participation. The end user satisfaction was assessed by the TUEBS, which is a questionnaire developed on the basis of the QUEST 2.0 [3] and aims at assessing the satisfaction with the special features of BCI applications. Participants are asked to rate their satisfaction on a 5-point Likert scale and to indicate the reasons for their satisfaction or dissatisfaction. Furthermore, the ATD-PA [4] and a Visual Analog Scale (VAS) were used to assess the user satisfaction and the NASA-TLX [5] to measure the subjective workload.
Results
In a first step a subcomponent of the BCI-controlled neuroprosthesis, namely the hybrid-FES orthosis, was evaluated. The results obtained from one individual with SCI show that the non-invasively generated grasp patterns are comparable to those of the most sophisticated grasp neuroprosthesis -the implanted Freehand system -in terms of functionality and strength [6] . By introduction of the electrode fixation forearm sleeve a reproducible generation of the grasp patterns was achieved. Two of the participating end-users with missing elbow and hand func-tion used the MI-BCI to switch the analog signal of a shoulder position sensor to either the control the FES of the elbow or the hand. Two SCI end users with preserved elbow flexion used shoulder movements for control of an FES generated opening/closing the hand and the MI-BCI for switching between a lateral and palmar grasp pattern. All four end users successfully performed activities of daily living with the neuroprosthesis, which they could not do without it. All four end users were quite satisfied with the device (TUEBS mean score 3.75/5). The most important properties were "dimensions", "effectiveness" and "reliability". After the testing sessions the overall satisfaction of all end users assessed by a Visual Analogue Scale was quite high (mean 6.8/10). Furthermore, the overall mean workload in all end users measured by the NASA-TLX was only moderate (mean of 46/100). "Mental demand", "physical demand" and "effort" contributed most to workload. The usability rating measured by the ATD-PA is remarkably lower (2.8/5). Nevertheless, users stated that they could imagine integrating it in their daily life. During the recruitment phase ~5 0% of the screened patients were not eligible for study inclusion. The main reasons for this were joint contractures in the finger and hand, a high degree of severely denervated muscles not accessible to FES.
Discussion
Initially, end users with very high SCI were in the project's focus, in whom not many residual functions for setup of a neuroprosthesis' user interface are available. Throughout the evaluation sessions of the first prototypes, in which a user centered design approach was consequently applied, we realized that not the end user has to fit to the technology we are able to offer, but that our technology has to be adapted to the capabilities, needs and priorities of each individual end user. Consequently the neuroprosthesis was redesigned in a highly modular manner and its functionality has been extended to allow for inclusion of a larger population of end user. Based on the high number of screening failures we estimate that only 10-15% of the total tetraplegic SCI end users may be able to use and profit from an upper extremity neuroprosthesis. But even those end users that basically fulfilled all inclusion criteria were not all (dropout rate 25%) successful in finishing the evaluation study, because not all managed to regularly perform the FES training in their home environment or at their nursing home. More important, about 30% of the potential end users did not have an initial level of BCI performance sufficient for a reliable control of the neuroprosthesis. Additionally, in some of the end users no improvement of the performance occurred even after a long period of training. Based on the screening results it may be concluded that the BCI performance of high spinal cord injured end users is lower compared to non motor impaired subjects. Of course, this preliminary result needs to be confirmed in studies involving more end users. In any case a better understanding of the lesion induced changes on event related de-/synchronization (ERD/ERS) of brain waves by MI is necessary. With the extensive implementation of intelligent shared control mechanisms uncertainties and non-stationarities, which are inherent to non-invasive MI-BCIs, may be partly tackled. Nevertheless, we would not consider a MI-BCI as an add-on to established control interfaces, if the initial BCI performance is below 70% and not stable over sessions. In general, the setup and handling of current BCI systems is relatively complicated and needs the (tele-)presence of technical experts. Thus, BCIs have to be improved to a stage, in which end users together with their care givers are able to apply the systems independently at home. First steps into this direction have been undertaken in the European TOBI project (www.tobi-project.org), however there is still room for improvement. When talking of a MI-BCI, one has to be aware that at the current stage of technology this is far away from any intuitive control, because the imageries of movements are used that cause the highest ERD/ERS effects. This might even be feet movements, which is then used for control of an upper extremity neuroprosthesis. Hence, a real breakthrough in neuroprosthesis control would be the decoding of body movements from EEG. First attempts into this direction have been started recently, which might pave the way for non-invasive BCI systems with a more natural control scheme [7] . For this a deeper understanding of the underlying brain physiology has to be attained.
